Abstract
Environmental Protection Agency (80 mg L -1 ), and are beyond those reported to have caused 2 chronic effects on freshwater aquatic organisms (e.g. Ryan, 1991) . Furthermore, TP 3 concentrations in runoff waters from these field lysimeters exceeded 800 µg L -1 . These 4 concentrations are in excess of those reported to cause serious eutrophication problems in 5 both rivers and lakes (OECD, 1982) , and would contravene the ecoregional nutrient criteria in 6 all of the U.S. ecoregions (U.S. Environmental Protection Agency, 2007). This paper also 7 examines how subsurface drainage, a common agricultural practice in intensively managed 8 grasslands, influences the hydrology and export of sediment and nutrients from grasslands. 9
This data-set suggests that we need to rethink the conceptual understanding of grasslands as 10
Introduction 17
Water quality is a term used to describe the physical (e.g. turbidity, temperature) and chemical 18 alterations to water quality can lead to undesirable effects such as eutrophication, which 6 results in a shift in ecosystem community structure, reduced biodiversity, and deterioration of 7 the water resource used for recreational purposes and as a source of potable water. Soil 8 erosion by water is a major source of suspended solids in surface waters, and consequently, 9
there has been a large amount of research input into quantifying and controlling this process, 10 particularly on agricultural land considered to be susceptible to erosion. However, a review of 11 the soil erosion literature (see Boardman and Evans, 1994 of vegetation cover found in grasslands would prevent significant on-site losses of soil 23 through soil erosion because the process is retarded where swards intercept raindrop energy, 24 slow overland flow, trap particulates, and stabilise the soil structure, hence the use of grass 25 vegetation in buffer strips. More recently though, a shift in emphasis away from preventing 1 on-site soil losses to increase agricultural productivity, towards more sustainable agriculture 2 and the need to preserve water quality (Neal and Jarvie, 2005), necessitates that we re-assess 3 the contributions of all land-surfaces to the loads of suspended solids in catchment surface 4 waters. 5
6
In terms of studying soil erosion, this should translate into a move away from simple, small-7 scale laboratory and field-plot experiments on vegetated surfaces, towards larger scale studies 8 which incorporate the conditions and processes that are observed at the landscape scale which 9 have frequently been neglected in previous studies, despite the fact that globally, the majority 10 of temperate lowland grasslands are managed in an intensive agricultural manner (Peeters, The drainage of the drained lysimeter is achieved using mole drains drawn downslope at 2 m 6 spacing and at 55 cm soil depth. These mole drains cross permanent pipe drains (>100 mm 7 diameter) at 40 m spacing and 85 cm soil depth, with permeable backfill to within 30 cm of 8 the surface (see Figure 2 ). Deep interceptor drains were installed to divert extraneous water at 9 upslope boundaries, thus hydrologically isolating each lysimeter. Although there is potential 10 for deep seepage from the lysimeters, this is considered to be negligible for a subsoil with 11 such low hydraulic conductivity (< 10 mm day On the drained lysimeter the interflow pathway is monitored in exactly the same way as in the 19 undrained lysimeter, but in addition, there is a second, separate v-notch weir through which 20 the flow from the artificial mole and pipe drains is measured. 21
22
As outlined above, the lysimeter weirs record stage (h). To convert h to discharge (Q), a 23 stage-discharge relationship was produced from an experiment during July 2006 which 24 involved 470 measurements of discharge at the full range of stages on these weirs. This was 25 used to produce a classic non-linear least squares fit of a 4 th order polynomial. Furthermore, 1 due to the overriding importance of hydrology in determining sediment and nutrient loads and 2 budgets, estimates of the errors associated with the calibration technique (e.g. measurement 3
error, timing error, spillage error), were used to produce uncertainty intervals (maximum and 4 minimum) for discharge at any given stage. This technique was developed by Krueger et al. for analysis of SS and VOM is described by Anon (1980). Briefly, this involves filtration of a 20 known volume of sample through a pre-weighed, dry, glass-fibre filter paper (Whatman GF/F 21 0.70 µm pore size), followed by drying at 105 ºC for 60 min and re-weighing to determine SS, 22
followed by furnacing at 500 ºC for 30 min and re-weighing to determine VOM. The method 23 used to determine concentrations of TP was acid persulfate digestion of 20 ml aliquots of each 24 sample, using a method adapted from Eisenrich et al. (1975) . Absorbance was calibrated on a 25 spectrophotometer (Cecil) using six standard solutions of potassium di-hydrogen phosphate in 1 the range of 0-500 µg L -1 P, prepared fresh on each day of analysis. Concentrations of MRP 2 (<0.45 µm) were also determined colorimetrically with a spectrophotometer (Cecil) after 3 filtration of the sample (within 24 h of collection) through a 0.45 µm cellulose nitrate filter 4 paper (Whatman) followed by reaction with molybdate, ascorbic acid and antimony 5 potassium tartrate (see Murphy and Riley, 1962) . 6 7 Budgets of SS and TP were calculated using linear interpolation of point concentration data, 8 followed by multiplication of these interpolated data by the corresponding discharge data (L 9 min -1 ) to produce loads min -1 with an assessment of uncertainty incorporated as minimum and 10 maximum loads. The event budgets shown are the sum of these 1-min interpolated loads. This 11 is considered to be a reasonable technique given the high frequency of sampling; however, all 12 load estimation techniques apply assumptions and include uncertainties which we need to be 13 aware of, although they are not analysed in detail in this paper (Krueger et al,. 2007 ). 14 15
FIGURE 2 HERE 16 17 18
Results and Discussion 19 Figure 3 shows hydrographs illustrating the typical observed behaviour of drained and 20 undrained 1-ha grassland lysimeters in response to natural rainfall events. Table 1 is a  21   summary table of kg ha -1 yr -1 . Therefore, rates of erosion from these 1-ha grassland fields are within the ranges 11 published for rates of erosion from arable land -a land-use that is considered to be 12 susceptible to erosion. 13 density of macro-invertebrates in streams. Clearly, the erosion from these grassland 23 lysimeters is environmentally significant in terms of sediment-related water quality issues. 24
25
As can be seen in Table 1 , the composition of the suspended solids exported from the field-1 scale grassland lysimeters is dominated by mineral matter (66-87%). The percentage of 2 suspended solids exported from the grassland lysimeters in the form of volatile organic matter 3 (VOM) ranged from 13% to 34% (of the total amount of SS export from the lysimeter, not the 4 % of SS as VOM in individual pathways). The VOM data provides evidence to support the 5 contention that it is the process of erosion in these grasslands that is the main contributor to 6 sediment-related water quality problems and not just incidental runoff of livestock wastes 7 deposited/applied on the grassland surface. If the latter was the case, then we would expect 8 the suspended solids transported in runoff to be predominantly composed of VOM, not 9 mineral matter. Table 1 shows that the percentage of SS export in the form of VOM tends to 10 be highest in the drainflow pathway compared to the interflow pathway, with up to 51% of SS 11 export in drainflow occurring in the form of VOM. This may be due to the lower erodibility 12 of the subsurface pathway compared to the surface pathway. Therefore as there is less mineral 13 matter being eroded in the subsurface pathway, there is a relative increase in the percentage of 14 VOM being exported in that pathway. Nevertheless, because the majority of SS export from 15 the drained lysimeter occurs via the interflow pathway (62-76%), the net composition of SS 16 exported from the drained lysimeter reflects the composition of SS in the interflow pathway 17 more than the drain pathway. 18
19
The results also demonstrate that 1-ha grassland fields can yield up to 50 g of phosphorus (42 20 -55 g considering discharge uncertainty estimation) in response to individual rainfall events 21 (Table 1) . Concentrations of TP in runoff waters from the field lysimeters reached highs of 22 more than 800 µg L -1 . To put this into perspective, the Organisation for Economic Co-23 operation and Development suggest that eutrophication problems can be triggered by TP 24 concentrations as low as 35 -100 µg L -1 (OECD, 1982) . Clearly, these grasslands are a 1 serious threat to water quality in terms of phosphorus loading and eutrophication. 2
The percentage of the total amount of TP exported from the grassland lysimeters in the form 3 of MRP (<0.45 µm) ranged from 8 to 18 % (Table 1) . This implies that the majority of TP 4 export from these intensively managed grasslands is facilitated by sediment and colloids (i.e. 5 sorbed to particle surfaces and in non-dissolved forms). 6 7
The export of SS and TP from these grassland lysimeters varies with the amount of rainfall 8 and antecedent moisture conditions, but also appears to be influenced by the presence of 9 subsurface drainage. Examination of Table 1 reveals that the export of SS and TP was higher 10 from the undrained land than from the drained land. The mass of SS and TP exported from the 11 drained land was as much as 52% lower than that from undrained land during the same storm 12 event. Statistical T-tests on SS and TP load data from undrained and drained land confirm that 13 this difference in mass export from drained and undrained land is significantly different (p 14 <0.001) for all rainfall events (i.e. consistently higher loads of SS and TP from undrained 15 land), except for the 1st December 2005 event. 16 
17
The causes of the observed difference in SS and TP export from drained and undrained land 18 may be numerous and complex, but hydrology, as the driver of erosion processes, is the 19 primary factor we consider here. There are three main ways in which the hydrology of the 20 drained land differs from that of the undrained land; (1) Quantity, (2) Pathway, and (3) 21 Timing. The mechanisms by which these factors help to account for the differences in SS and 22 TP export between drained and undrained land, are discussed below: 23 24 First, both the total discharge (L), and the peak discharge (L s -1 ), from drained land tend to be 1 lower than that from undrained land during the same rainfall events (Table 1 and Figure 3) . 2
This difference can be as high as 50 %. This is contrary to the findings of some workers (e.g. 3
Hart, 1979; Howe et al., 1967; Robinson et al., 1985) , who propose that subsurface drainage 4 is associated with higher peak discharges and faster runoff response to rainfall events. We 5 suggest that this is not the case at the Rowden site for the following reason; the soil in 6 undrained land remains saturated or near saturation for a large proportion of the hydrological 7
season. This is because vertical hydraulic conductivity (percolation) is seriously impeded by 8 the dense clay subsoil present at 30 cm soil depth, and lateral hydraulic conductivity 9 (throughflow) is very slow in the surface soil horizon. As a consequence of this, saturation-10 excess overland flow occurs readily in response to rainfall events during the hydrological 11 season. On the drained land, however, subsurface drainage acts to lower the zone of saturation 12 in the soil by improving vertical hydraulic conductivity, allowing water to percolate vertically 13 away from the surface and into the drains. This hydrological effect of subsurface drainage, 14 has been observed in previous studies (e.g. Armstrong, 1986; Armstrong and Garwood, 1991) 15 and is the reason that land-owners install the subsurface drainage. Hydrologically, it equates 16 to the drained land having a greater unsaturated zone and therefore a larger volume of pore 17 space available for water storage prior to a rainfall event, than the undrained land. Therefore, 18 when a rainfall event does occur, saturation-excess overland flow is generated less readily on 19 the drained land, which ultimately results in the lower total discharge and the lower peak 20 discharge on the drained land during a rainfall event. This drainage effect is only valid for 21 rainfall events that are preceded by a period of little or no rainfall where the drainage has the 22 opportunity to lower the zone of saturation prior to the next event. If the rainfall event 23
happens before this has occurred (i.e. on saturated drained land) then the hydrological 24 response will be similar on drained and undrained land. This can be seen in the 1st December 1 2005 event. 2 3 Second, the hydrological pathways can influence erosion and the export of SS and TP. On 4 undrained land, the runoff moves laterally through the soil as throughflow, and laterally over 5 the soil surface as overland flow (combined as interflow). On drained land, runoff can move 6 in both of the above pathways, but in addition, can move in the subsurface drain pathway. For 7 the events discussed in this paper, the drain pathway carries 50 -66 % of the total discharge 8 from the drained land. However, this pathway only exports between 24 -38 % of the SS, and 9 29 -41 % of the TP, from drained land. Statistical T-tests show that there is a significant 10 difference (p < 0.001) between the SS and TP loads of the interflow and drainflow pathway of 11 drained land for all events. This suggests that the drainflow pathway is a less important source 12 of SS and TP than the enriched interflow pathway and thus by introducing the drainflow 13 pathway to land (through the installation of subsurface drainage) we reduce the threat to water 14 quality, partly by routing the runoff through a less erodible pathway. This is in agreement who, based on monitoring of concentrations of sediments and/or P in drainflow, suggest that 20 drains act as a preferential pathway, increasing their export. These workers however, could 21 not assess the overall effect of drainage on sediment or P export, due to their experimental 22 design which typically just quantified and compared concentrations or loads of SS and/or P in 23 surface pathways versus subsurface drain pathways without providing a proper comparison of 24 total exports from drained versus undrained land. Nevertheless, we may expect to find 25 different conclusions from research on sites with different soils, topography, climate and 1 drainage design. 2
Conclusions 3
This data set is the first to assess the contribution of drained and undrained, intensively 4 managed grasslands to sediment-related water quality problems. It shows that contrary to 5 conventional understanding, intensively managed grasslands do erode and do present a 6 significant environmental threat to water quality in terms of sediment-related water quality 7 issues. Results from this study suggest that the presence of subsurface drainage may reduce 8 the export of SS and P from grasslands. However, more work of this nature must be carried 9 Whilst pristine ungrazed grassland may not suffer from erosion problems, the presence of 13 grazing animals (particularly at higher stocking densities) can enhance rates of erosion and the 14 delivery of suspended solids and sorbed contaminants to surface waters. Due to the limited 15 availability of agricultural land in many regions and the ever increasing demand for 16 agricultural produce, very little grassland remains in its natural ungrazed state. Therefore, it is 17 likely that globally, grasslands are contributing significant volumes of suspended solids and 18 sorbed contaminants to catchment surface waters. Whilst conversion from arable land to 19 pristine grassland may prevent erosion problems, conversion to intensively managed 20 agricultural grassland, which should be regarded as the more realistic conversion scenario 21
given the demands for produce, may not solve erosion problems if the dynamics reported here 22 are broadly applicable. Failure to acknowledge these findings will undoubtedly result in the 23 non-compliance of surface waters to water quality standards. 24 List of Tables  22  23  Table 1: Summary Table for storm event budget data of drained and undrained 1 ha grassland  24  lysimeters.  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49 1  2 Table 1: Summary Table for 
